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Edited by Daniela RuﬀellAbstract Fucosyloligosaccharides have great therapeutic po-
tential. Here we present a new route for synthesizing a Fuca1,2-
Gal linkage by introducing glycosynthase technology into 1,2-a-
L-fucosidase. The enzyme adopts a unique reaction mechanism,
in which asparagine-423 activated by aspartic acid-766 acts as
a base while asparagine-421 ﬁxes both a catalytic water and glu-
tamic acid-566 (an acid) in the proper orientations. Glycosynth-
ase activity of N421G, N423G, and D766G mutants was
examined using b-fucosyl ﬂuoride and lactose, and among them,
the D766G mutant most eﬀectively synthesized 2 0-fucosyllactose.
1,2-a-L-Fucosynthase is the ﬁrst glycosynthase derived from an
inverting a-glycosidase and from a glycosidase with an unusual
reaction mechanism.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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2 0-fucosyllactose; Inverting a-glycosidase1. Introduction
The a-L-fucosyl residues attached to the sugar chains of var-
ious glycoconjugates often play important roles in mammalian
cell-to-cell communications such as inﬂammation, develop-
ment, and signal transduction [1]. In addition, fucose-contain-
ing glycans sometimes act as ligands for pathogens to bind to
host cells [2,3]. Thus, fucose-containing oligosaccharides have
great potential as therapeutic agents, and their eﬃcient
synthesis is quite important.
Synthesis of oligosaccharides frequently involves reverse con-
densation or transglycosylation catalyzed by glycoside hydro-
lases (GHs). GHs are divided into two groups, retaining andAbbreviations: ESI-MS, electrospray ionization-mass spectrometry;
Fuc, L-fucose; FucF, b-L-fucosyl ﬂuoride; 2 0-FL, 2 0-fucosyllactose;
Gal, galactose; GH, glycoside hydrolase; GlcNAc, N-acetylglucosa-
mine; Lac, lactose; MOPS, 3-morpholinopropanesulfonic acid; NMR,
nuclear magnetic resonance
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doi:10.1016/j.febslet.2008.09.054inverting enzymes, based on the stereochemical outcomes of
the reaction. In either case, two carboxylic residues generally
act as a pair in catalysis [4,5]. Retaining GH typically use a dou-
ble displacement mechanism in which a nucleophilic residue
ﬁrst attacks the anomeric center to form a glycosyl-enzyme
intermediate, concomitantly with a general acid-catalyzed pro-
tonation of a leaving group. The deprotonated acid then acts as
a base to activate an incoming water molecule, which results in
the hydrolysis of the glycosyl-enzyme intermediate and forma-
tion of a product with the same anomeric conﬁguration as the
substrate. Transglycosylation occurs when appropriate accep-
tors enter the catalytic site instead of the water molecule. By
contrast, inverting GHs employ a single displacement mecha-
nism, in which a water molecule activated by a general base at-
tacks the anomeric center simultaneously with protonation of a
glycosyl oxygen by a general acid, resulting in bond cleavage
and formation of a product with an inverted anomeric conﬁg-
uration. Transglycosylation or reverse condensation by invert-
ing GHs is theoretically disfavored when the reaction is carried
out in water. Thus, the use of GHs for oligosaccharide synthesis
is generally limited to those employing a retaining mechanism,
and even when applicable, the yield is not very high due to the
intrinsic hydrolytic activity.
In 1998, a new methodology was introduced by Mackenzie
et al. [6]. They found that a nucleophile-mutant of the b-gluco-
sidase from Agrobacterium sp. (a retaining exo-b-glycosidase)
eﬃciently catalyzes the formation of a b-glucosidic bond when
incubated with a-glucosyl ﬂuoride (a donor) in the presence of
appropriate acceptors. The glycosyl ﬂuoride with the opposite
anomeric conﬁguration mimics the glycosyl-enzyme intermedi-
ate and thus transglycosylation occurs in the catalytic site. The
transglycosylation product is accumulated in the reaction mix-
ture since the enzyme is now devoid of hydrolytic activity. The
idea called glycosynthase technology was thereafter applied to
retaining endo/exo-b-glycosidases [7,8] and a retaining exo-a-
glycosidase [9].
The action of inverting enzymes on glycosyl ﬂuorides with an
opposite anomer was ﬁrst mentioned by Hehre et al. [10]. They
found that b-amylase (an inverting a-glycosidase) hydrolyzes b-
maltosyl ﬂuoride into b-maltose and hydrogen ﬂuoride via two
steps; transfer of maltose from b-maltosyl ﬂuoride to a secondblished by Elsevier B.V. All rights reserved.
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of the linkage to give b-maltose. The reaction mechanism,
called Hehre-resynthesis hydrolysis, has been studied using sev-
eral inverting enzymes [11,12]. Recently, Honda and Kitaoka
demonstrated that the reducing end xylose-releasing exo-olig-
oxylanase (an inverting b-glycosidase) also undergoes Hehre-
resynthesis hydrolysis. They subsequently converted the en-
zyme into a glycosynthase by mutating a base residue [13].
The result was the ﬁrst example of a glycosynthase derived from
an inverting enzyme and suggested that the methodology
should be applicable to an inverting a-glycosidase as well.
1,2-a-L-Fucosidase (AfcA) from Biﬁdobacterium biﬁdum,
which we have recently isolated, is an inverting a-glycosidase
that speciﬁcally hydrolyzes the Fuca1,2Gal linkage [14]. X-
ray crystallographic and mutational studies revealed that the
enzyme adopts a unique reaction mechanism, in which aspar-
agine-423 (N423) activated by a neighboring aspartic acid-766
(D766) acts as a base residue while asparagine-421 (N421)
makes a hydrogen bond to an attacking water molecule and
positions the side-chain of an acid residue, glutamic acid-566
(E566) for catalysis (Fig. 1) [15].
In the present study, we investigated a new enzymatic route
to speciﬁcally synthesize a Fuca1,2Gal linkage. To this end, we
employed the glycosynthase technique and succeeded in gener-
ating the 1,2-a-L-fucosynthase. Our result is signiﬁcant not
only because it has opened the way to easily producing a-
1,2-fucosyl linkages on galactose residues at the non-reducing
ends of sugar chains, but also because it greatly expands the
versatility of the glycosynthase technology.2. Materials and methods
2.1. General
L-Fucose (Fuc), lactose (Lac), and 2 0-fucosyllactose (2 0-FL) were
purchased from Sigma. b-L-Fucosyl ﬂuoride triacetate (FucF) (1)
was synthesized according to the method of Hall et al. [16]. 13C
NMR (CDCl3) d170.51 (s, 4COCH3), 170.09 (s, 3COCH3), 169.40 (s,
2COCH3), 107.18 (d, J1,F 215.6 Hz, C1), 70.44 (d, J3,F 11.3 Hz, C3),
69.70 (d, J5,F 4.7 Hz, C5), 69.49 (s, C4), 68.88 (d, J2,F 24.4 Hz, C2),
20.71 (s, 4COCH3), 20.58 (s, 2COCH3), 20.63 (s, 3COCH3), 15.96 (s,
C6). Deacetylation was performed by treating 1 (205 mg, 0.70 mmol)
with a saturated ammonia solution in methanol, initially at 0 C and
then at 25 C for 4 h. The reaction products were absorbed to a small
portion of silica gel and evaporated to dryness. The dried gel was thenFig. 1. Close-up view of the catalytic site of 1,2-a-L-fucosidase (AfcA)
from Biﬁdobacterium biﬁdum. A hydrogen bond network is formed by
the catalytically important residues (N421, N423, E566, and D766) and
the attacking water molecule. A unique catalytic mechanism of this
enzyme is described in the text.put onto a dry silica gel column (8 · 50 mm), and FucF was eluted with
ethyl acetate as the solvent to yield 81 mg (0.48 mmol, 69%). The pow-
der of FucF was stored under an atmosphere of N2 at 30 C, and dis-
solved in water just before use. Other reagents of analytical grade were
obtained from commercial sources.
2.2. Protein expression and puriﬁcation
Wild-type and mutant derivatives (N421G and N423G) of the cata-
lytic domain of AfcA (Fuc domain) were expressed and puriﬁed as de-
scribed previously [15]. The D766G variant was constructed using the
QuikChange site-directed mutagenesis kit (Stratagene) with pSA130 as
the template [14] and a pair of the mutagenic primers (5 0-CGTTCCA-
GATCGGCGGCAACTTCGG-3 0 and its complementary strand).
The entire fragment used for later manipulation was sequenced to en-
sure that no base changes other than those planned had occurred. The
mutant enzyme was expressed and puriﬁed similarly to the procedure
used for the other enzymes [15]. The purity of the proteins was esti-
mated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
followed by Coomassie brilliant blue R250 staining. Protein concentra-
tions were determined using a Bio-Rad Protein Assay kit with bovine
serum albumin as a standard.
2.3. Enzyme assay
Hehre resynthesis-hydrolysis was examined by incubating the reac-
tion mixture (20 ll) consisting of 50 mM 3-morpholinopropanesulfon-
ic acid (MOPS) buﬀer (pH 7.0), 20 mM FucF, and 20 mM Lac in the
presence of the wild-type Fuc domain (25 lg) at 30 C for 20 min. The
reaction products were analyzed by thin-layer chromatography (TLC)
using a silica gel 60 aluminium sheet (Merck). The plate was developed
in a solvent system of acetonitrile/water (4/1), and the carbohydrates
were visualized by heating the plate after spraying with orcinol–
H2SO4 reagent [17].
The glycosynthase activity of the N421G, N423G, and D766G mu-
tants was examined by incubating the reaction mixtures (100 ll) con-
taining 50 mM MOPS buﬀer (pH 7.0), 10 mM FucF (a donor),
30 mM Lac (an acceptor), and the enzymes (70 lg for each) for 1 h
at 30 C. The reaction products were analyzed by high-performance li-
quid chromatography (HPLC) equipped with a Sugar-D column
(4.6 · 250 mm, Nacalai Tesque, Japan) under a constant ﬂow
(1.0 ml/min) of 78% acetonitrile at 40 C. Elution was monitored using
a charged aerosol detector (Corona CAD, Esa, USA). The time course
of the synthase reaction was monitored using HPLC under the same
conditions. The aliquots were withdrawn at the indicated times.
2.4. Synthesis of 2 0-FL by the D766G mutant
D766G mutant protein (0.7 mg/ml) was incubated with the sub-
strates (10 mM FucF and 30 mM Lac) in 50 mM MOPS buﬀer (pH
7.0) for 2 h at 30 C in a total volume of 5 ml, and the reaction was
stopped by boiling for 5 min. The reaction mixture was deionized with
Amberlite MB-3, lyophilized, and subjected to HPLC under the condi-
tions described above. Peak fractions corresponding to 2 0-FL were col-
lected, concentrated, and then applied to HPLC equipped with a
TSKgel ODS-80TS column (4.6 · 250 mm, Tosoh, Japan) to remove
the remaining Lac completely. Elution was done under a constant ﬂow
(1.0 ml/min) of water at 60 C and monitored by a refractive index
detector (RID-10A, Shimadzu, Japan).
2.5. Structural analyses
1H and 13C NMR spectra were measured using a Bruker Avance500
spectrometer (Bruker Biospin, Rheinstetten, Germany). ESI-MS spec-
tra (positive mode) were determined using a Bruker APEX II 70e Fou-
rier transformed ion cyclotron resonance mass spectrometer (Bruker
Daltonics, Billerica, MA, USA).3. Results
3.1. Hehre resynthesis-hydrolysis catalyzed by the wild-type Fuc
domain
Since the reaction mechanism adopted by the 1,2-a-L-fucosi-
dase (AfcA) essentially diﬀers to those employed in typical
inverting enzymes, we ﬁrst examined whether the enzyme
Fuc
Lac
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mechanistic prerequisite to convert an inverting glycosidase
to a glycosynthase. The AfcA catalytic domain (Fuc domain)
was incubated with FucF (a donor) in the presence and ab-
sence of Lac (an acceptor), and the reaction products were
analyzed by TLC (Fig. 2). A rapid consumption of FucF
was observed when Lac was included in the reaction mixture
(lane 1 vs. lane 2), and the consumption was apparently faster
than that observed in the control experiment without the en-
zyme (lane 1 vs. lane 4). Fucose liberated in the absence of
Lac or enzyme could be a product of the spontaneous hydro-
lysis of FucF because the degradation was observed to a sim-
ilar extent when FucF alone was incubated in the buﬀer (lane
3). It is well known that b-glycosyl ﬂuorides are unstable in
aqueous solution [8,18]. Hehre resynthesis-hydrolysis was
demonstrated for the wild-type Fuc domain.
3.2. Conversion of the 1,2-a-L-fucosidase to the 1,2-a-L-
fucosynthase
To date, two strategies have been proposed for generating a
glycosynthase from an inverting enzyme; one involves the
replacement of a general base residue with a non-catalytic res-
idue [13] and the other involves the replacement of a residue
that holds a catalytic water molecule with a non-polar residue
[19]. Both have expectations of removing the hydrolytic activ-
ity of the enzyme while retaining the function of the general
acid residue that, in the synthetic reaction, acts in turn as a
base to abstract a proton from an incoming acceptor molecule.
In the hydrolysis of 2 0-FL by the Fuc domain of AfcA, N423
and D766 are critical for activating an attacking water mole-
cule and N421 is critical for maintaining the water molecule
and the side-chain of E566 (a general acid) in their proper ori-
entations (Fig. 1) [15]. We constructed glycine-mutants of
N421, N423, and D766, and using the puriﬁed preparations,
examined their glycosynthase activity (Fig. 3). A peak corre-
sponding to 2 0-FL appeared for each mutant when the reaction
mixture was analyzed by HPLC, and was highest for the
D766G mutant, followed by the N423G and N421G mutants.Fig. 2. Hehre resynthesis-hydrolysis catalyzed by the wild-type Fuc
domain. The reaction mixtures (20 ll) containing 50 mM MOPS (pH
7.0), 20 mM b-L-fucosyl ﬂuoride (a donor), and 25 lg of the enzyme
were incubated in the presence (lane 1) and absence (lane 2) of 20 mM
lactose (an acceptor) for 20 min at 30 C. Lanes 3 and 4 are controls
without the enzyme, and in the former case, lactose is also omitted.
Aliquots (0.5 ll) were withdrawn and analyzed by TLC. Lane M
indicates the standards of b-L-fucosyl ﬂuoride, L-fucose (Fuc), and
lactose (Lac).Although the peak contains a shoulder, it does not indicate the
formation of a by-product and could result from the mixed
anomeric conﬁguration of the reducing-end glucose (see be-
low). The slope observed at a retention time of about 10 min
is derived from the MOPS buﬀer contained in the reaction mix-
ture.
Next, we monitored the time course of the glycosynthase
reaction catalyzed by the D766G mutant (Fig. 4). The product
corresponding to 2 0-FL accumulated in a time-dependent man-
ner and its concentration reached a plateau at 120 min, at
which time, no FucF remained in the reaction mixture (data
not shown). The yield of the product compared to the added
FucF was estimated to be about 6%. The non-linearity of the
reaction rate over time even at the low product yield could
be due to the decreasing concentration of FucF by the sponta-
neous hydrolysis or due to the inhibition of the synthetic reac-
tion by Fuc produced by the decomposition of FucF.
3.3. Product analysis
The peak fractions at the retention time of 21–25 min
(Fig. 4) were collected and the puriﬁed product was analyzed
by MS and NMR. The signals from the MS spectrum sug-
gested that one fucosyl residue was transferred to Lac (489.2
and 511.2, calculated for the proton [M+H]+ and sodium
[M+Na]+ adducts of 2 0-FL, respectively) (see Supplementary2’-FL
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Fig. 3. Glycosynthase activity of the Fuc domain mutants. Wild-type
and its N421G, N423G, and D766G derivatives (70 lg) were incubated
in the reaction mixtures (100 ll) consisting of 50 mM MOPS (pH 7.0),
10 mM b-L-fucosyl ﬂuoride, and 30 mM lactose for 1 h at 30 C, and
the reaction products were analyzed by HPLC. M is a chromatogram
of the standard saccharides; L-fucose (Fuc), lactose (Lac), and 2 0-
fucosyllactose (2 0-FL). The slope observed at the retention time of
around 10 min is derived from MOPS.
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those of authentic 2 0-FL (see Supplementary data), indicating
that the mutant transferred an a-L-fucosyl residue only to the
2 0-position of the Lac. Thus, the stereospeciﬁcity as well as the
regiospeciﬁcity of this new class of glycosynthase has been
established.4. Discussion
In the present study, we succeeded in generating the 1,2-a-L-
fucosynthase. This is the ﬁrst report describing the conversion
of an inverting a-glycosidase into an a-glycosynthase, and also
is the ﬁrst example which demonstrates that the glycosynthase
technology is applicable to a glycosidase with an atypical reac-
tion mechanism (that is, not consisting of a pair of two carbox-
ylic residues). Our result therefore expands the versatility and
generality of the glycosynthase methodology. Although we
cannot provide a common strategy of how inverting enzymes
could be eﬃciently converted to glycosynthases, it is interesting
to note that in either case, i.e. the 1,2-a-L-fucosidase or the
reducing end xylose-releasing exo-oligoxylanase (Rex), the
maximum glycosynthase activity was accomplished by the mu-
tant with an intact catalytic base [19].
Formation of Fuca1,2Gal linkages using the transglycosyla-
tion activity of an artiﬁcially evolved retaining a-L-fucosidase
has been recently reported [20], but the enzyme had problems
in its regio- and acceptor-speciﬁcities. A fucosyltransferase
with a high speciﬁcity may be a possible candidate to carry
out the synthesis, but it requires a nucleotide sugar (GDP-
Fuc) as a donor, which is expensive and is not easily regener-
ated [21]. In contrast, the 1,2-a-L-fucosynthase we constructed
uses a fucosyl ﬂuoride that can be readily and inexpensively
synthesized, and the enzyme speciﬁcally catalyzes the forma-
tion of a Fuca1,2Gal linkage.
Fuca1,2Gal linkages are present in the ABO and Lewis
blood group substances and such terminally attached fucosyl
residues play important roles in many biological events. Cam-
pylobacter jejuni, a frequent cause of bacterial diarrhea that se-
verely aﬀects infant mortality, speciﬁcally binds to H(O)
antigen (Fuca1,2Galb1,4GlcNAc) and its infection in mice
was inhibited in vivo by feeding them oligosaccharides carry-ing Fuca1,2Gal structures [22]. Human milk oligosaccharides
(HMOs) also frequently have terminally attached a-1,2-L-fuco-
syl residues and are especially rich in the fucosylated type-1
structure, Fuca1,2Galb1,3GlcNAc [23]. We have recently elu-
cidated that infant intestinal colonizers of biﬁdobacteria are
highly adapted for utilizing fucosylated type-1 HMOs
[14,24,25]. The 1,2-a-fucosynthase thus serves as a promising
tool to create biologically active compounds that could be used
not only for prebiotics but also for clinical treatments aimed to
regulate various cellular processes and infectious diseases.
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